Patients with cystic fibrosis of the pancreas (CFP) have elevated plasma renin activity, supine renin 497-595 compared with a normal value of 228 ± 133 ng/100 ml plasma on 109 mEq sodium intake/24 hr, but have normal renin release mechanisms as far as postural changes are concerned, since the renin activity increases normally with the upright posture; upright renin, 594-875 compared with a normal value of 359 ± 210 ng/100 ml plasma on the same sodium intake. The high aldosterone secretion rates (ASR), 161 -4-45 compared with a normal value of 90 ± 31 /jg/24 hr, seen on 109 mEq sodium intake were probably secondary to the abnormally high renin release. The same can be said for the lack of adequate suppression to normal of both renin and ASR on 249 mEq sodium intake/24 hr, supine renin 205-544 compared with a normal value of 97 ± 71 ng/100 ml plasma; upright renin 845-893 compared with a normal value of 212 ±61 ng/100 ml plasma; ASR on the same intake, 93-333 compared with a normal value of 62.15 ± 27.8 /ug/24 hr. The low metabolic clearance rates and the high calculated plasma aldosterone concentrations on the 109 mEq sodium intake indicate that a state of secondary hypcraldosteronism exists in patients with CFP, probably as an adaptation to frequent, excessive sodium losses via the sweat and consequent contraction of intravascular volume.
Introduction
present in most patients. The sweat electrolyte abnorCyslic fibrosis of the pancreas (CFP) is a hereditary »' :ilit y » present from birth and throughout life and is disease of children. Although the basic defect is not not related either to the seventy of the underlying known, there is general agreement that the abnormaldisease or to the involvement of other organs such as ity results from an inborn error of metabolism transthe pancreas or lungs [6] . mittcd as an autosomal recessive trait. The triad of
In normal subjects, reduced losses of sodium and chronic pulmonary disease, pancreatic deficiency, and chloride in the sweat have been known to accompany abnormally high sweat electrolyte concentration is the process of acclimatization to heat [13] ; however, in Rcnin-angiotensin-aldosterone system 627 patienis with CFP, perspiration resulting from sudden rises in environmental temperature may lead to massive salt loss and to vascular collapse [6] . The adrenal cortex is implicated in these and other changes of acclimatization. There is ample evidence to indicate that exposure to heat results in increased adrenocortical secretion of aldosterone [13] . Aldosterone is the main salt-active steroid secreted by the adrenal cortex, promoting transport of sodium, potassium, and hydrogen ions by renal tubular and other cells, and is of importance in the normal control of fluid and electrolyte balance. Physiologic secretion of aldosterone is controlled by: (1) a function of extracellular fluid volume, (2) angiotensin II (and probably less importantly), (3) ACTII, and (•/) potassium ions [4] . Presumably, there are other unknown control mechanisms. Sodium depletion increases the secretion of aldosterone from the adrenal cortex. This effect can be attributed in part to stimulation of production of renin, and thus of angiotensin. It is well known that, when normal subjects are depleted of sodium, renin release and aldosterone production are increased. Upon sodium repletion both renin and aldosterone secretion rates return to normal. There is some evidence that sweat glands in patients with CFP do have some response to exogenous aldosterone administration and that the endogenous aldosterone excretion and secretion respond to salt losses [6, 9] . Therefore, it cannot be said that such individuals cannot "acclimatize" to hot weather. The sweat Na and Cl levels, however, are abnormally high even after the decrease. The role of the renin-angiotensin system in the regulation of aldosterone production has been studied extensively in normal subjects and in hypertensive individuals. This paper reports on the relationship of the renin-angiotensin-aldosterone system in patients with CFP.
Materials and Methods
Five patients, ranging in age from 13% 2 to 21 years, had been followed regularly over a period of years by the Pediatric Metabolism Branch of NIAMD (Tables I  and II) .
All patients were admitted to an air-conditioned unit 1 week prior to initiating the investigation and were confined continuously to this unit for the several weeks of the study [15] . Four patients were studied in the summer (July and August 19G9 and 1970), but patient JA was studied in October 19G9. Patient JA was readmitted for further investigation in the summer of 1970 as were SY and JY (Table III) . The design of the experiment is shown in Figure 1 . Each subject was studied under strict metabolic regimen on three different sodium intakes, 109, 9, and 249 mEq/24 hr for 8-day periods; on 50 mEq/24 hr potassium throughout the study; and on a constant fluid intake. Twenty-four-hour urine pools were collected daily and analyzed for sodium and potassium. A sweat test was performed twice during each 8-day period by iontophoresis of 0.2% pilocarpine nitrate at different skin sites, on two subsequent days. The concentrations of sodium and chloride in the sweat were expressed in milliequivalents per liter. The sodium in the sweat and the sodium and potassium in the urine were determined in a flame photometer with lithium as an internal standard. (No attempt was made to incorporate net sweat loss into the balance results.) Chloride was determined with a chloridemeter [16] . The subjects were weighed daily before breakfast after voiding, and serum electrolyte values were obtained every 4 days. During each 8-day period of different sodium intake, aldosterone secretion rate (ASR), aldosterone metabolic clearance rate (MCR), and plasma renin activity were measured. On this study, ASR and MCR were measured simultaneously. After the patient had breakfast, he walked to the metabolic clearance room where the MCR was measured by the constant infusion method with the patient in the supine position over a 2-hr period. A "primer" dose of 2.5 /xCi scribed from this laboratory [5] . Plasma renin was measured by a modification of the method of Boucher [2] as previously described from this laboratory [10] . The sample was taken at 8:00 AM after the patient had been supine for 8-10 hr. After breakfast the patient remained in the upright position until 12:00 noon when the "upright" rcnin sample was taken. For this study the MCR was carried out between 9:00 AM and 11:00 AM, and the samples for renin were taken the next day. To establish that patients do not suppress the reninangiotensin-aldosteronc system on salt-loading, three of the five patients were readmitted and given 249 mliq sodium/2'1 hr for 12 complete metabolic days. The patients were admitted 1 week prior to the study, remained in the air-conditioned unit 21 hr/day, and were given a high salt intake. Following this 1-weck period they were studied on a metabolic regimen of 219 mFq sodium/24 hr. At the end of the 12-day period ASR testing was performed. Renin activity in both supine and upright positions was determined the following day. Sweat tests by iontophoresis were performed after renin activity had been determined.
Blood volume measurements were not performed because liypovolcmic changes had presumably occurred at frequent intervals prior to admission. Angiotensin infusions were thought to be contraindicated if any cardiac involvement was present, and renal biopsies were not justifiable. tions (not shown) remained within the normal range. None of the patients became hypokalemic. On the 109 mEq sodium intake the patients appeared to be in positive balance. On the 9 mEq sodium intake there was a striking decrease in urinary Na levels and patients appeared to return to balance by the 5th day; in all patients the urinary sodium had dropped to zero by the 7th day. On the 249 mEcj sodium intake the patients appeared to be in positive balance. Serum potassium remained normal throughout the 8-day periods of high salt intake. Figure 2 represents the balance study on another patient with addition of sodium and chloride concentrations in sweat. The sweat glands continue to secrete sodium and chloride excessively despite the low salt intake; on the high salt intake, even higher concentrations of sodium and chloride are lost in the sweat [11, 12] . Thus, although the patients appear to be in positive balance when intake and fecal and urinary outputs for sodium are plotted, they may be in negative balance when the sodium concentration in sweat is taken into consideration. This is also reflected in the changes in weight experienced by the patients on the three different sodium intakes (Fig. 3) . All patients lost weight on the 9 mEq sodium intake; three failed to regain the weight despite a change to a salt intake of 249 mEq/24 hr. The other two patients gained only a small amount. Figures 1 and 2 show that the ASR increased on the 9 mEq sodium intake; ASR values are plotted of all patients on the 109, 9, or 249 mEq sodium intake as are values for normal subjects. All patients except one receiving 109 mEq sodium had elevated ASR. The increase in aldosterone production seen with the change to a 9 mEq intake was somewhat less than that seen in normal subjects (Fig. 4) . On the 249 mEq sodium intake ASR did not suppress to normal levels except in one patient (JA). This patient was the youngest of the five studied and the one least affected as regards pulmonary involvement. In addition, JA was the only one of the five patients to be studied in a cooler season (October 1969) rather than the summer season (July- August 19G9) as were the others. When JA was studied again, in the summer of 11)70 (August), he also failed to suppress adequately (Table III) and produced values similar to those found in the other patients studied.
Results

Aldosterone Metabolism
The MCR of aldosterone was below normal in all subjects on the 109 mEq sodium intake. Patients had been up for 2 hr before MCR of aldosterone were measured. The MCR of aldosterone is normally proportional to the hepatic blood How [8, 14] . The MCR and the hepatic blood How are highest after the patient has been in the supine position, decrease when the upright posture is assumed, and decrease even further when the patient has been in the upright position for 8 hr. Variations in ASR with changes of posture over short periods of time have not yet been defined. As mentioned in the section on Materials and Methods, the ASR and MCR were measured simultaneously. The patient was upright before the MCR; the procedure was carried out after he had assumed the supine position. The ASR was determined on a 21-hr urine alter the patient had been up for the remainder of the day until 8:00 I»M, when he went to bed. Normal subjects were handled in the same manner. Plasma aldosterone (/) is then calculated indirectly as follows: i = ASR/MCR. Thus, with ASR normal or high and MCR low, plasma aldosterone concentration was elevated in all the patients in whom it was measured.
Renin-Angiotensin System
J4y the method used [10] , renin activity is expressed in nanograins of angiotensin II generated from endogenous substrate by endogenous renin per 100 ml of plasma during 3 hr of incubation. In all patients in whom renin was measured it was clear that the renin activity increased when they changed from the supine to the upright position (Fig. .' {) . On 10!) mEq sodium intake, renin activity was moderately high; renin did not suppress normally with the 249 mEq intake except in one patient. Again, this patient was the youngest and the least alfected of the five patients studied. Since the patients failed to gain the expected weight on the high salt intake, it is likely that renin production remained elevated because they continued to lose sodium in the sweat and presumably had reduced circulating blood volumes. Table III lists the results obtained after the 12-day sodium load in patients SY, ]Y, and JA. Plasma renin values were 2-4 times that found in normal subjects and the ASR 1.5-2 times normal values. This establishes that the secondary hyperaldosteronism seen in patients with CFP cannot be suppressed with sodium loading.
Studies on the Rcnin-Angiotensin-Aldosterone System after 12 Days of Sodium Loading
Discussion
Aldosterone is the most potent electrolyte-active hormone produced by the zona glomerulosa of the adrenal cortex. Aldoslerone accelerates the reabsorplion of sodium ions in the kidney tubules, the salivary and sweat glands, and the gastrointestinal mucosa. There are at least three well defined mechanisms controlling aldosterone release from the adrenal glands: adrenocorticotropic hormone, plasma potassium concentration, and the renin-angiotensin system. Sodium depletion and the consequent decrease in circulating blood volume stimulate renin activity.
Although some decrease in sweat electrolyte levels occurs, patients with CFP continue to secrete excessive amounts of sodium and chloride in the sweat regardless of a low sodium intake and of their response to administration of exogenous aldosterone [6, 7, 12] . This prompted us to study the responses of the rcninangiotensin-aldosterone system on three different sodium intakes. The effect of posture on renin activity was also studied.
Patients with CFP have normal renin release mechanisms as far as postural changes are concerned since renin activity increases normally with the upright posture (Fig. 3) . With patients in the supine position, plasma renin activity was higher than normal in the two moderately affected patients, but within the normal range in the mildly alfccted, younger patient. The elevated plasma renin levels seen in the two moderately alfected patients on the 109 mEq sodium intake most likely reflects reduction of circulating blood volRcnin-angiotensin-aldostcrone system 631 ume secondary to excessive loss of sodium in the sweat. Rcnin activity rose on the low salt intake in a manner similar to that seen in normal individuals. Jt did not, however, suppress on the high salt intake; further, unlike normal individuals, the patients with Cl'T failed to gain the expected weight on the high salt intake, presumably because of continued, or augmented, loss of sodium and chloride in the sweat. Presumably, intravascular volume does not expand adequately to "turn oft" renin release (Fig. 3) .
The high ASR found on the 109 mEq sodium intake was probably secondary to the abnormally high rcnin release. The same can be said for the lack of suppression to normal on the high sodium intake in all patients except JA, during his first study (Fig. 2) in October 1969. Of interest is the fact that even after prolonged salt loading all the patients restudied continued to have elevated renin activity and ASR, possibly indicating that the defects in the rcnin-angiotensin-aldostcrone system may not have resulted solely from long-standing sodium depletion. The low metabolic clearance rates and the high calculated plasma aldosterone concentrations on the 109 mEq sodium intake indicate that a state of secondary hyperaldosteronism exists in patients with CFP, probably as an adaptation to frequent, excessive sodium losses via the sweat and consequent contraction of intravascular volume. This sequence of events is made even more probable by the fact that when JA was studied in August 1970 after weeks of excessive salt sweat losses he failed to suppress adequately, whereas during a cooler season (October 19G9) he had a normal response in this respect.
Although this study represents a small series of patients, it appears that the older and most affected patients have higher degrees of hypcraldostcronism. Montalvo and his associates [9] did not find elevated ASR in the patients they studied. The discrepancy in his results and ours could reflect the type of patients studied, since patient JA, who was the least affected in our series, had normal ASR on 109 mEq Na intake/24 hr. A larger series of patients must be studied to establish clearly any relation between severity of disease and the degree of hyperalilosteionism.
Summary
Five patients with cystic fibrosis of the pancreas (CFP), ranging from 13 to 21 years of age, were studied on an air-conditioned metabolic unit on constant dietary regimens with daily sodium intakes of 9, 109, or 249 mEq/24 hr for 8-day periods. The rcnin-angiotensin-aldosterone system was studied on the different Na intakes.
The data indicate elevated plasma rcnin activity which responds normally to changes in posture. The aldosterone secretion rate was elevated on 109 mEq Na/24 hr, increased further on 9 mEq Na/24 hr, but failed to suppress on 249 mEq Na/24 hr. The metabolic clearance of aldosterone was decreased on 109 mEq/24 hr and the calculated plasma aldosterone concentration was increased. This state of hyperaldosteronism secondary to renin release probably results from adaptation to frequent excessive sodium losses via the sweat, with consequent contraction of extracellular volume. A larger series of patients must be studied to establish clearly any relation between severity of disease and the degree of hyperaldosteronism.
